INTRODUCTION 47 48
Adenovirus serotype 5 (Ad5) is one of the most robust vectors for in vivo 49 liver-directed gene transfer. Ad5 liver transduction is mediated in part by its 50 surprisingly high affinity for vitamin K-dependent blood clotting factors. In 51 particular, factor X (FX) has been shown to bind to the hexon protein of Ad5 with 52 subnanomolar affinity and, in one model, may act as a bridge to the virus 53 retargeting it to heparan sulfate proteoglycans on hepatocytes (12, 18, 22, 25) . 54
Up to 98% of systemically delivered Ad5 is eliminated by liver Kupffer cells 55 before reaching hepatocytes (5). Kupffer cells can phagocytose particles as 56
large as 2 μm in diameter, which is appropriate for virus bound to host proteins 57 and cells (4). Uptake into these cells is likely mediated by broadly specific 58 scavenger receptors (27) , that can recognize the hypervariable (HVR) loops 1, 2, 59 5 and 7 of hexon (1). While there is good evidence for interactions between Ad5 mouse section were taken. ImageJ software was used to convert them to binary 142 images, and the "Threshold" feature was used to separate out positively stained 143 cells from background nuclei. "Analyze particles" was used to count numbers of 144 stained regions (25-infinity). Normal human liver biopsy tissue was received from 145
Mayo Clinic, and was sectioned, stained with CD68 primary. 146
147

Uptake in mouse peritoneal macrophages. 148
Mice were euthanized and mouse peritoneal macrophages (MPMs) were 149 immediately harvested by peritoneal lavage with 5 ml of endotoxin free PBS 150 (Gibco). Cells were pooled from 3 mice, counted, plated to confluency onto 24-151 well plates, and incubated at 37 o C for 1 h. The adherent cells were washed twice 152 with PBS, infected with 10,000 or 100,000 vp of Ad5 or Ad5/6, and incubated in 153 Dulbecco's Modified Eagle Medium (DMEM) containing 10% heat-inactivated 154 fetal calf serum (Gibco) and penicillin/streptomycin at 100 U/ml (Gibco To determine antibody levels, serum was harvested from different mouse strains 179 by submandibular bleed into serum separator tubes (BD Microtainer) and allowed 180 to clot for 30 min. The serum was separated by spinning at 13,000 x g for 2 min. 181
The mouse hybridoma subisotyping kit (EMD Millipore) was used to assess 182 circulating antibody isotype. For antibody binding to Ad vectors, 120 ng of Ad5 or 183 Ad5/6 was coated onto 96-well ultra-high binding ELISA plates for 1 h at 37 o C 184 (Immunolon 4HBX). The wells were washed 3 times with PBS and then blocked 185
for 2 h at RT with 3% BSA in PBS. The wells were washed 3 times with PBS and 186 then serum (1:50 dilution in PBS) was added. After 2 h at RT, the wells were 187 washed 3 times with PBS and the procedure for the hybridoma subisotyping kit 188 was used to determine specific isotype binding. 189
To determine FX levels, mice were anesthetized, and whole blood was 190 collected by retroorbital bleed into 3.2% sodium citrate. The Mouse Factor X total 191 antigen ELISA kit (Molecular Innovations) was used to determine FX levels. 
Data analysis 205
Graphs and statistical analyses were performed using Prism Graphical software. 206
Analysis between two and three groups was determined by Unpaired t-test, and 207 one-way ANOVA (Bonferroni post-test), respectively. To determine the R-208 squared correlation coefficient between relative amounts of antibody isotypes 209 and expression, a semi-log (X is log, Y is linear) trend-line was fitted. 210
211
RESULTS
213
Mouse strains show dramatic differences in liver expression by Ad5 and 214 Ad5/6. To test differences in adenoviral pharmacology, we compared replication 215 defective Ad5 and Ad5/6 (14) viruses, both expressing luciferase. Ad5/6 is an 216
Ad5 vector whose hexon hypervariable regions (HVRs) were replaced with those 217 from species C family member Ad6. Previous work in BALB/c mice 218 demonstrated that Ad5/6 mediates up to 10-fold higher liver transduction than 219 11 scavenger receptors (1). Therefore, Ad5/6 was used in these studies as a vector 221 with reduced tropism to Kupffer cells, at least in BALB/c mice. 222
Ad5 and Ad5/6 were injected intravenously (i.v.) by tail vein into BALB/c 223 and C57BL/6 mice. Mice were injected with 1 x 10 10 vp, a dose that is 224 susceptible to Kupffer cell absorption (3, 7), and light output from luciferase 225 transgene expression was measured 24 h later. Consistent with previous results 226 (14), Ad5/6 mediated 50-fold higher transduction in the livers of BALB/c mice 227 than Ad5 (Fig. 1A) . Ad5 transduction was similar in both strains of mice, with 228 expression being only 1.5-fold higher in C57BL/6 mice. In contrast to the results 229 in BALB/c, Ad5/6 mediated no increase in transduction in C57BL/6 mice. These 230 results were consistent whether C57BL/6 mice were imaged with their normal 231 black fur, were shaved, or were on an albino background (Fig. 1B) . To 232 determine if this effect was dominant or recessive, Ad5 and Ad5/6 were 233 compared in F1 progeny of C57BL/6 and BALB/c mice (CB6F1) (Fig. 1A) . In this LSECs. To test this, livers from the mice were immunohistochemically stained 245
for Kupffer cells using anti-F4/80 antibody and for LSECs using CD31 antibody. 246
Gross histological stains and counts failed to find any obvious numerical 247 differences in either cell type in any of the tested mouse strains analyzed ( Fig.  248   2A and Fig. 3A, B) . Staining of human liver sections revealed a Kupffer cell 249 density similar to that of mice ( Fig. 2B and 3E) . 250 251
Host factor X (FX) levels and hepatocyte susceptibility to infection do not 252 correlate with murine liver expression. FX facilitates liver transduction by both 253
Ad5 and Ad5/6 (14). To determine if FX levels could explain differences in liver 254 transduction between strains, plasma was assayed for FX by ELISA (Fig. 3C) . 255 FX levels were insignificantly different between the strains. To test whether Ad 256 vectors might transduce hepatocytes from different strains to different degrees at 257 the cellular level, hepatocytes from various strains of mice were purified and 258 infected with 1,000 vp/cell of Ad5 (Fig. 3D) . Transduction was assessed by 259 luciferase assay after 24 h and showed no significant difference between in 260 hepatocytes expression from the different mice. boosted both Ad5 and Ad5/6 transduction in the liver to peak levels (Fig. 4A) . 287
Poly (I) also boosted Ad5 and Ad5/6 in C57BL/6 mice, although overall levels of 288 transduction were nearly 10-fold lower (Fig. 4B) . 289
The lethal effects of Ad5 on Kupffer cells can also be used to predose 290 mice (20). Previous work in BALB/c mice confirmed that predosing with Ad5 291 enhances Ad5, but not Ad5/6, transduction (14). To test whether this effect was 292 consistent between the different mouse strains, C57BL/6 mice were predosed 293 with Ad5 and then dosed four hours later with either Ad5 or Ad5/6 (Fig. 4C) . As 294 before, Ad5 predosed Ad5, but not Ad5/6 in the C57BL/6 mice. Although 295 statistically significant, Ad5 predosing was considerably weaker in the C57BL/6 296 mice, remaining 10-times below the peak photon level achieved in BALB/c mice. Kupffer cells and 84% reduction in phagocytosis (6). When M-CSF knock-out 306 mice were injected with Ad5 and Ad5/6, both vectors mediated similar levels of 307 liver transduction (Fig. 4D) . suggests that Ad5 may be targeted to Kupffer cells by natural antibodies (27) . 319
To test whether antibody levels vary in different mouse strains, fresh serum was 320 harvested from naïve mice and analyzed for isotype distribution by ELISA. 321 BALB/c mice had higher ELISA levels of antibodies than C57BL/6 mice ( Fig. 5A  322 and B). F1 progeny of BALB/c and C57BL/6 mice (CB6F1) had total antibody 323 OD450 levels that were nearly as high as BALB/c mice with most isotypes being 324 slightly lower than the BALB/c mice. On the other hand, FVB mice had total 325 levels that were actually lower than in C57BL/6 mice. Interestingly, FVB mice 326 were unique in mediating very robust Ad5 liver transduction up to the peak 327 photon level with no manipulation (Fig. 6A) . When the observed isotype profiles 328 and transduction data were taken together, liver transduction by Ad5 was 329 inversely correlated with IgM, IgG2b, IgG3, and IgA antibodies (Fig. 6C and  330 on October 28, 2017 by guest http://jvi.asm.org/ Downloaded from Table 1 ). /6 expression did not negatively correlate with IgM, IgG2b, IgG3, and 331
IgA antibody OD levels, but instead correlated positively with higher IgG2a 332 isotypes observed in BALB/c and CB6F1 mice (Fig 6D and Table 1) . 333
334
Liver transduction in mice with no antibodies. Previous work showed that 335 C57BL/6 Rag -/-mice that lack any immunoglobulins have markedly reduced 336
Kupffer cell uptake of Ad5 implicating natural antibodies in this sequestration 337 (24). To further confirm the link between circulating antibodies and Ad 338 expression in different strains of mice, Ad5 and Ad5/6 were tested in Rag -/-mice 339 on either a BALB/c or a C57BL/6 genetic background (Fig. 6B) . In these mice 340 lacking immunoglobulins, transduction by both vectors was similar on both strain 341 backgrounds. Ad5 transduction reached the 10 12 photon level in the absence of 342 immunoglobulins in a manner similar to that observed in M-CSF knock-out mice. 343
Interestingly, like FVB mice that have low levels of circulating natural antibodies, 344
Ad5/6 transduction in Rag -/-mice was also lower than Ad5. 345 346 Natural antibodies can bind directly to Ad capsid. Direct binding of 347 immunoglobulins to virions would be the simplest means to affect Ad 348 pharmacology. To test this, fresh serum from naïve mice was tested for isotype-349 specific binding to Ad5 and Ad5/6 by ELISA (Fig. 7) . All isotypes bound directly Ad5/6 and luciferase expression was measured at 24 hours later (Fig. 8) While it is certainly known that mice differ from humans in many aspects, 385 more recent data has suggested strong variations in Ad5 pharmacology between 386 inbred mouse strains. After we observed profoundly better liver transduction by 387 Ad5/6 virus than Ad5 in BALB/c, we were surprised to find essentially no 388 improvement in C57BL/6 mice. This study aimed to resolve these differences 389 with the hope of ultimately extrapolating the underlying biological differences in 390 these inbred models to humans. 391 
